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Table 1 Primers used in P450 library construction.
Primer name	SEQUENCE
BamHI_fwd	5’-CACAGGAAACAGGATCCATCGATGCTTAGG-3’
SacI_rev	5’-CTAGGTGAAGGAATACCGCCAAGCGGA-3’
74NNK fwd	5'-GATAAAAACTTAAGTCAANNKCTTAAATTTGTACGTG-3'
74NNK rev	5'-CACGTACAAATTTAAGMNNTTGACTTAAGTTTTTATC-3'
75NNK fwd	5'-GATAAAAACTTAAGTCAAGCGNNKAAATTTGTACGTG-3'
75NNK rev	5'-CACGTACAAATTTMNNCGCTTGACTTAAGTTTTTATC-3'
78NNK fwd	5'-GCGCTTAAATTTNNKCGTGATTTTGCAGG-3'
78NNK rev	5'-CCTGCAAAATCACGMNNAAATTTAAGCGC-3'
82NNK fwd	5'-GTACGTGATTTTNNKGGAGACGGG-3'
82NNK rev	5'-CCCGTCTCCMNNAAAATCACGTAC-3'
87NNK fwd	5'-GACGGGTTANNKACAAGCTGGACGC-3'
87NNK rev	5'-GCGTCCAGCTTGTMNNTAACCCGTC-3'
181NNK fwd	5'-GTCCGTGCANNKGATGAAGCAATGAAC-3'
181NNK rev	5'-GTTCATTGCTTCATCMNNTGCACGGAC-3'
184NNK fwd	5'-GCACTGGATGAANNKATGAACAAGCTG-3'
184NNK rev	5'-CAGCTTGTTCATMNNTTCATCCAGTGC-3'
188NNK fwd	5'-CAATGAACAAGNNKCAGCGAGCAAATCC-3'
188NNK rev	5'-GGATTTGCTCGCTGMNNCTTGTTCATTG-3'
328NNK fwd	5'-GGCCAACTNNKCCTGCGTTTTCCC-3'
328NNK rev	5'-GGGAAAACGCAGGMNNAGTTGGCC-3'
330NNK fwd	5'-GCCAACTGCTCCTNNKTTTTCCCTATATG-3'
330NNK rev	5'-CATATAGGGAAAAMNNAGGAGCAGTTGGC-3'
V78VA fwd	5'-GCGCTTAAATTTGYNCGTGATTTTGCAGG-3'
V78VA rev	5'-CCTGCAAAATCACGNRCAAATTTAAGCGC-3'
V78LIMF fwd	5'-GCGCTTAAATTTWTSCGTGATTTTGCAGG-3'
V78LIMF rev	5'-CCTGCAAAATCACGSAWAAATTTAAGCGC-3'
V78W fwd	5'-GCGCTTAAATTTTGGCGTGATTTTGCAGG-3'
V78W rev	5'-CCTGCAAAATCACGCCAAAATTTAAGCGC-3'
A82VA fwd	5'-GTACGTGATTTTGYNGGAGACGGG-3'
A82VA rev	5'-CCCGTCTCCNRCAAAATCACGTAC-3'
A82LIMF fwd	5'-GTACGTGATTTTWTSGGAGACGGG-3'
A82LIMF rev	5'-CCCGTCTCCSAWAAAATCACGTAC-3'
A82W fwd	5'-GTACGTGATTTTTGGGGAGACGGG-3'
A82W rev	5'-CCCGTCTCCCCAAAAATCACGTAC-3'
A328VA fwd	5'-GGCCAACTGYNCCTGCGTTTTCCC-3'
A328VA rev	5'-GGGAAAACGCAGGNRCAGTTGGCC-3'
A328LIMF fwd	5'-GGCCAACTWTSCCTGCGTTTTCCC-3'
A328LIMF rev	5'-GGGAAAACGCAGGSAWAGTTGGCC-3'
A328W fwd	5'-GGCCAACTTGGCCTGCGTTTTCCC-3'
A328W rev	5'-GGGAAAACGCAGGCCAAGTTGGCC-3'
N1F fwd	5'-CTTAAGTCAATKGTTSAAATTTWTTCGTGATTTTSTGGGAGACGGGTTATTCACAAGCTGG-3'
N1F rev	5'-CCAGCTTGTGAATAACCCGTCTCCCASAAAATCACGAAWAAATTTSAACMATTGACTTAAG-3'
N1A fwd	5'-CTTAAGTCAATKGTTSAAATTTWTTCGTGATTTTSTGGGAGACGGGTTAGCAACAAGCTGG-3'
N1A rev	5'-CCAGCTTGTTGCTAACCCGTCTCCCASAAAATCACGAAWAAATTTSAACMATTGACTTAAG-3'
N2 fwd	5'-GTCCGTGCATKGGATGAAGYCATGAACAAGTKGCAGCGAGCAAATC-3'
N2 rev	5'-GATTTGCTCGCTGCMACTTGTTCATGRCTTCATCCMATGCACGGAC-3'
N3 fwd	5'-GCTTATGGCCAACTKTCCCTTKGTTTTCCC-3'
N3 rev	5'-GGGAAAACMAAGGGAMAGTTGGCCATAAGC-3'
O N1F fwd	5'-CTTAAGTCAAGYCTTSAAATTTSTGCGTGATTTTKCGGGAGACGGGTTATTCACAAGCTGG-3'
O N1F rev	5'-CCAGCTTGTGAATAACCCGTCTCCCGMAAAATCACGCASAAATTTSAAGRCTTGACTTAAG-3'
O N1A fwd	5'-CTTAAGTCAAGYCTTSAAATTTSTGCGTGATTTTKCGGGAGACGGGTTAGCAACAAGCTGG-3'
O N1A rev	5'-CCAGCTTGTTGCTAACCCGTCTCCCGMAAAATCACGCASAAATTTSAAGRCTTGACTTAAG-3'
O N2 fwd	5'-GTCCGTGCATTSGATGAARCGATGAACAAGTKGCAGCGAGCAAATC-3'
O N2 rev	5'-GATTTGCTCGCTGCMACTTGTTCATCGYTTCATCSAATGCACGGAC-3'
O N3F fwd	5'-GCTTATGGCCAACTTTCCCTGYCTTTTCCC-3'
O N3F rev	5'-GGGAAAAGRCAGGGAAAGTTGGCCATAAGC-3'
O N3A fwd	5'-GCTTATGGCCAACTGCACCTGYCTTTTCCC-3'
O N3A rev	5'-GGGAAAAGRCAGGTGCAGTTGGCCATAAGC-3'



Table 2: Enzyme activity and sequence information of P450 BM3 variants
Variants	Library	Mutations	DME activity [a] (A550 nm)	Propane TTN [b]	Coupling [c](%)	Ethane TTN [b]
V78C	SSM	V78C	0.14	200	4	0
V78S	SSM	V78S	0.18	210	6	0
V78T	SSM	V78T	0.14	370	9	0
A82E	SSM	A82E	0.20	330	-	0
A82Q	SSM	A82Q	0.22	120	-	0
A328I	SSM	A328I	0.47	1,500	3	0
A328P	SSM	A328P	0.16	1,300	10	0
A328L	SSM	A328L	0.50	860	8	0
A328V	SSM	A328V	0.17	2,300	8	0
A330L	SSM	A330L	0.22	1,700	-	0
A330P	SSM	A330P	0.13	590	-	0
A330V	SSM	A330V	0.23	1,700	-	0
4F9	EP-PCR	F162L	0.47	3,300	18	0
8D12	EP-PCR	I260V	0.20	650	14	0
4B1	EP-PCR	E4D, I153V	0.50	2,000	15	0
1G9	EP-PCR	T235M	0.46	1,700	-	-
7F12	EP-PCR	D232V	0.28	133	-	-
3F1	EP-PCR	Q359R	0.27	364	-	-
2C11	CSSM	V78L, A328L	0.83	440	31	0
1B4	CSSM	A82L, A328L	0.74	1,500	16	140
4E10	CSSM	A82L, A328V	0.59	4,200	44	200
1B1	CSSM	A82W, A328F	0.15	380	2	0
1E5	CSSM	V78L, A82W	0.23	1,400	8	0
6C8	CSSM	V78L, A82L, A328L	0.78	760	16	0
4F7	CSSM	V78L, A82M, A328L	0.66	1,700	38	0
7B7	CSSM	V78L, A82V, A328L	0.74	1,500	32	0
6E12	CSSM	V78L, A82W, A328F	0.39	2,300	7	0
E 32	CRAM	A74W, V78I, A82L, A184V, L188W, A328F, A330W	2.61	16,800	36	1,200
E 30	CRAM	A74W, V78I, A82L,A328F, A330W	2.59	16,600	41	520
CC2	CRAM	A74W, V78F, A82L, A184V, A328F, A330W	0.52	12,600	-	0
E 92	CRAM	A74W, V78I, A82L, A184V, L188W, A328V, A330L	1.11	11,000	36	360
CF3	CRAM	A74W, V78I, A82V, L188W, A328V, A330L	1.53	10,900	-	0
E 35	CRAM	A74W, V78I, A82L, A184V, L188W, A328V, A330W	1.58	10,400	-	530
E 66	CRAM	A74W, V78I, A82L,L188W, A328F, A330W	2.61	10,300	52	890
CE5	CRAM	A74W, V78I, A82L, A328V, A330L	1.82	9,600	-	0
E 31	CRAM	A74L, V78I, A82L, A184V, L188W, A328F, A330W	1.52	9,350	68	1,200
CA3	CRAM	A74W, V78F, A82L, L188W, A328V, A330L	1.32	9,130	-	0
CC5	CRAM	A74W, l75F, V78I, A82L, A184V, L188W, A328V, A330L	1.55	9,120	-	0
CF1	CRAM	A74W, V78I, A82L, L181W, L188W, A328V, A330L	1.64	8,850	-	390
E 77	CRAM	A74L, V78I, A82L,  L188W, A328V, A330L	1.79	8,840	-	430
E 78	CRAM	A74L, V78I, A82L, L188W, A328F, A330W	1.90	8,820	-	870
CB8	CRAM	A74W, V78F, A82L, A184V, L188W, A328V, A330W	1.17	8,050	-	300
CE4	CRAM	A74L, V78I, A82L, A184V, L188W, A328V, A330W	1.91	7,640	-	670
OB6	CRAM	A74W, V78F, A82V, A184V, A328V, A330W	1.42	7,330	-	0
CA1	CRAM	A74W, V78F, A82L, A184V, L188W, A328V, A330L	1.95	6,720	-	520
OD3	CRAM	A74W, V78I, A82V, A328F, A330W	1.55	6,510	-	0
CG3	CRAM	A74L, L75F, V78I, A82L, F87A, L188W, A328F, A330W	1.67	6,060	-	0
CD3	CRAM	A74L, L75F, V78I, A82L, A184V, L188W, A328F, A330W	2.05	6,050	-	0
CG2	CRAM	A74L, V78F, A82V, A184V, L188W, A328F, A330W	1.96	6,030	-	540
CE7	CRAM	A74W, V78I, A82V, A184V, A328F, A330W	1.29	5,600	-	0
CH1	CRAM	A74W, V78I, A82L, L181W, A184V, A328F, A330W	1.47	4,260	-	0
CA4	CRAM	A74W, L75F, V78I, A82V, L181W, A184V,L188W, A328F, A330W	1.73	3,590	-	0
OD2	Corbit	A74V, L181F, A328F	0.88	11,600	42	660
OC5	Corbit	V78L, A82S, A184T, L188W, A328F	0.80	10,400	-	0
OD1	Corbit	A74V, A82S, L181F, A328F, A330V	0.93	10,300	-	0
OA1	Corbit	A74V, V78L, A82S, L181F, A328F	0.88	9,590	-	0
OC6	Corbit	A74V, A82S, L181F, A328F	1.44	9,430	-	0
OG9	Corbit	A82S, A184T, L188W, A328F, A330V	0.99	8,230	-	0
OH3	Corbit	L75F, V78L	1.51	8,160	-	0
OD7	Corbit	L75F, A82S, F87A, A184T, A328F, A330V	1.74	7,900	86	720
OC9	Corbit	A82S, L188W, A328F	0.51	7,710	-	0
OH9	Corbit	A82S, L181F, A184T, L188W, A330V	0.69	6,790	-	0
OE5	Corbit	A74V, L75F, L188W, A328F, A330V	0.69	6,210	131	380
OA2	Corbit	A74V, L181F, L188W, A328F	1.31	4,450	-	0
[a] DME demethylation activity was determined in cell-free extract, corrected for background Purpald ® oxidation.
[b] TTN determined as nmol product/nmol enzyme. Alkane reactions contained 25-250 nM protein, 100 mM potassium phosphate buffer, pH 8.0, saturated with propane, and an NADPH regeneration system containing 100 μM NADP+, 2 U/mL isocitrate dehydrogenase, and 10 mM isocitrate. Standard errors are within 15% of average.
[c] Coupling is the ratio of product formation rate to NADPH consumption rate, in percent.

Table 3: CRAM and Corbit designs; allowed amino acids and codon usage. (K = T or G, S = C or G, W = A or T, Y = C or T, R = A or G).
	CRAM Design	Corbit Design
Target Residue	Allowed Amino Acid	Codon	Allowed Amino Acid	Codon
A74	L/W	TKG	A/V	GYC
L75	L/F	TTS	L/F	TTS
V78	F/I	WTT	L/V	STG
A82	L/V	STG	A/S	KCG
F87	F/A	TTC/GCA	F/A	TTC/GCA
L181	L/W	TKG	L/F	TTS
A184	A/V	GYC	A/T	RCG
L188	L/W	TKG	L/W	TKG
A328	F/V	KTC	A/F	TTC/GCA
A330	L/W	TKG	A/V	GYC

Library Designs:
Corbit library
Under the Corbit design, all amino acids except C, M, and P were allowed at the ten target residues 74, 75, 78, 82, 87, 181, 184, 188, 328, and 330, resulting in a total possible sequence space of 1017. In the first step of the modeling process, the structure of the BM3 with N-palmitoyl glycine bound (pdb: 1JPZ), was subjected to 50 steps of conjugate gradient minimization using the DREIDING force field (1). After the minimization, the substrate was removed and the backbone of “substrate-less” structure was used for the computational analysis. In addition to mutating the ten target residues, a shell of 26 residues with side chain atoms within 4 Å of these design positions, 20, 25, 69, 71, 72, 73, 77, 81, 88, 177, 180, 185, 189, 205, 259, 260, 263, 264, 267, 268, 329, 354, 356, 436, 437, and 438, were allowed to change side chain conformation but not amino acid identity. 
The globally optimal sequence was determined using the FASTER algorithm (2) with a backbone independent conformer library with binning level of 1.0 (3) and scoring by the energy function previously demonstrated for mutagenesis of GFP (4). From this optimal sequence, Monte Carlo sampling with 100 temperature cycles between 150 K and 4,000 K at 106 steps per cycle was carried out to sample sequences around the global optimum. The top 20,000 scoring sequences were compiled to generate a frequency table, see Table 4. From this table, the most frequent amino acid sharing a degenerate codon with the wild-type residue was selected as the allowed mutation at each position. 

Table 4: Frequency table for the most stable 20,000 sequences as determined by Corbit 
Amino acid a	74	75	78	82	87	181	184	188	328	330
ALA	0.14	0.00	0.00	0.27	0.01	0.00	0.69	0.24	0.01	0.01
ARG	0.00	0.01	0.00	0.03	0.00	0.00	0.00	0.00	0.01	0.00
ASN	0.00	0.00	0.00	0.02	0.00	0.00	0.01	0.02	0.00	0.00
ASP	0.00	0.00	0.00	0.04	0.00	0.00	0.05	0.04	0.00	0.00
GLN	0.00	0.01	0.00	0.20	0.00	0.00	0.00	0.01	0.01	0.00
GLU	0.01	0.00	0.00	0.13	0.00	0.01	0.00	0.03	0.02	0.00
GLY	0.02	0.00	0.01	0.02	0.00	0.00	0.06	0.02	0.00	0.00
ILE	0.00	0.00	0.36	0.00	0.00	0.00	0.00	0.01	0.00	0.08
LEU	0.01	0.84	0.37	0.02	0.00	0.73	0.01	0.44	0.01	0.31
LYS	0.00	0.01	0.04	0.11	0.00	0.04	0.00	0.01	0.08	0.01
PHE	0.36	0.12	0.00	0.00	0.99	0.16	0.00	0.01	0.74	0.43
SER	0.02	0.00	0.00	0.15	0.00	0.00	0.09	0.04	0.00	0.00
THR	0.01	0.00	0.00	0.01	0.00	0.00	0.09	0.02	0.00	0.00
VAL	0.03	0.00	0.19	0.00	0.00	0.00	0.00	0.01	0.00	0.03
TRP	0.32	0.00	0.01	0.00	0.00	0.00	0.00	0.11	0.03	0.01
TYR	0.03	0.00	0.00	0.00	0.00	0.01	0.00	0.00	0.00	0.02
His	0.06	0.01	0.01	0.00	0.00	0.06	0.00	0.01	0.08	0.10
MET	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
PRO	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
CYS	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00	0.00
Selectedaminoacid	A, V	L, F	V, L	A, S	F, A	L, F	A, T	L, W	A, F	A, V
a Amino acid and values shown in bold correspond to wild-type residues, values underlined correspond to selected mutations.

CRAM library
As a counterpoint to the minimum energy strategy, we decided to test a partially structure-guided design. The principal objective of this latter design was to reduce the binding channel volume through incorporation of the largest possible amino acids. However, we recognized that incorporation of tryptophan at all positions would likely result in a largely non-functional library. Also, requiring a degenerate codon that specified exactly the wild-type amino acid and the largest permitted amino acid was overly restrictive. Therefore to aggressively reduce volume, we relaxed the constraint to always include the wild-type residue. 
To prevent the incorporation of residues that would inevitably result in a steric clash, we performed side chain optimization calculations as follows. First, we mutated the targeted ten active positions (74, 75, 78, 82, 87, 181, 184, 188, 328, and 330) to glycine. Second, we individually mutated each position to all amino acids except C, M, P, R, K, E, and D. Holding all other amino acids in the protein fixed in place, we performed a thorough optimization of the mutated side chain to determine if a van der Waal clash was avoidable. This optimization used the RosettaDesign software (5), the all-atom Rosetta force field (6), and several non-standard RosettaDesign settings to minimize the occurrence of van der Waal clashes. These include an expanded rotamer library (-ex1, –ex2aro_only, -extrachi_cutoff 18), reduced van der Waal radii (-small_radii), and a non-rotameric energy minimization of the side chain position (-mcmin_trials).  
With this resulting map of unavoidable van der Waal clashes (Table 5), we manually customized a degenerate codon library enriched for wild-type representation and for representation of the largest individually tolerated amino acid. We used amino acid volumes as given by Zamyatin (7).



Table 5: Repulsive van der Waal energy as determined by ROSETTA 
Amino acid	74	75	78	82	87	181	184	188	328	330
ALA	115.73	114.82	115.57	115.57	115.9	115.61	115.9	115.77	115.59	115.81
PHE	115.87	92.81	181.1	385.92	97.92	144.2	536.66	160.32	91.19	116.46
GLY	115.8	115.56	115.98	115.98	115.66	115.73	115.34	115.89	116.07	115.47
HIS	115.99	115.26	127.99	161.58	115.49	99.65	202.6	101.42	114.96	98.98
ILE	138.8	129.53	98.29	147.43	117.49	144.09	143.7	117.65	235.98	143.34
LEU	125.58	115.89	97.78	118.73	115.76	114.86	150.74	97.69	116.3	117.1
ASN	92.96	115.7	92.17	93.18	89.65	91.03	94.7	115.55	116.05	93.39
GLN	92.45	115.33	115.26	115.77	90.75	114.98	185.13	114.84	94.78	92.58
SER	90.66	116.3	115.58	115.8	116.21	89.83	115.83	89.67	115.87	90.58
THR	115.62	93.73	116.38	97.42	115.67	92.08	116.52	92.32	123.17	116.42
VAL	147.03	36.98	116.05	122.11	94.63	121.52	135.11	118.18	131.04	123.42
TRP	94.32	97.06	115.15	354.69	93.83	155.82	983.14	116.54	93.76	115.79
TYR	91.30	90.69	171.88	308.64	94.14	156.26	634.72	142.68	91.00	116.07
Selectedaminoacid	L, W	L, F	I, F	V, L	F, A	L, W	A, V	L, W	V, F	L, W
a Amino acid and values shown in bold correspond to wild-type residues, values underlined correspond to selected mutations.
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